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Abstract
In this research, a newly developed high surface area semiconductor porous material was synthesized
from potassium titanium niobium mixed oxide (KTiNbO5) to be used as a photo catalyst in the presence
of UV light to degrade halogenated organic compounds in water. The goal of the project was to
investigate the catalytic activity of the material for its effectiveness in the degradation of the halogenated
organic compounds, and it is the first investigation of this new photocatalyst with halogenated
compounds. Model compounds dichloromethane, 1-chlorobutane, chlorobenzene, and trifluoroacetic
acid in aqueous solutions were tested with the photocatalyst under ultraviolet light irradiation, using a
batch photolysis reactor system. An improved process for preparing the photocatalysts was developed,
which is more effective, faster, and less wasteful for rinsing the catalysts with a solvent exchange done
in five hours instead of the original 6 days. The porous material was characterized by X-ray diffraction,
scanning electron microscopy, transmission electron microscopy, nitrogen adsorption surface area
analysis (BET), inductively coupled plasma optical emission spectroscopy, and X-ray fluorescence
spectrometry. The project also involved researching a practical way to follow the reaction progress using
the product concentrations of Cl- and F- in solution. Photo degradation kinetics was followed via
titration, ion selective electrodes, ion chromatography, and total organic carbon analysis. In a mixture of
the three chlorinated compounds, about 84% of the chlorine present in the compounds was released as
chloride ions after 8.0 hours of irradiation with the catalyst. This was concomitant with a decrease in the
pH of the solution. Loss of samples via vaporization and escape into the air was responsible for
incomplete photolyzation. Several attempts to create a catalyst system using a flow-through reactive
catalyst bed were not successful, and therefore a batch process was used. The photocatalytic activity of
the new porous material towards halogenated organic compounds in stirred water reactors is
demonstrated to be a promising alternative to TiO2 nano powders. The new catalyst had much better
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sedimentation characteristics than TiO2 nano powders and it can be filtered easily, qualities that TiO2
nano powders do not have.
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Chapter 1: Background and Motivation
1.1 BACKGROUND
Water pollution is the presence of any substances in water, which contain chemicals and
materials that are harmful to living organisms (1). There are two basic types of water pollution,
inorganic and organic. Inorganic pollution includes heavy metals (metallic elements with
relatively high atomic weights), such as lead, cadmium, and mercury. These elements have no
known functions in living organisms and, therefore, can be toxic to plants and animals, even at
relatively low concentrations. Organic pollution includes compounds such as poly-aromatic
hydrocarbons and halogenated organic compounds such as herbicides, insecticides, algaecides
and fungicides (2). These chemicals enter our waters by two main pathways: direct dumping into
water bodies, and indirect sources.
Direct sources of water pollution include effluent outfalls from factories, refineries, and
waste treatment plants, among others, that emit fluids of varying quality directly into urban water
supplies. Indirect sources include contaminants that enter the water supply from soils and
groundwater systems and from the atmosphere via polluted air or rainwater.
Water contamination by organic compounds is the most common form of water pollution
and is the cause of many environmental problems worldwide. The main sources of this pollutant
are industries, which use solvents. This includes the use of fuel for transportation, lubricants,
aerosol sprays, pesticides, fertilizers, and detergents. Many pollutants, such as halogenated
hydrocarbons and pesticides, can be persistent in the environment and are hazardous with
chronic exposure at ppm and ppb concentrations (3). Some pollutants can cause cancer and other
dangerous diseases and are therefore regulated, and their existence in drinking water should not
exceed certain levels (see Table 1.1). Industrial activity generates high amounts of residual
1

wastewater, contaminated by both halogenated and non-halogenated organic compounds, whose
direct disposal to natural channels causes a considerable effect in the environment and human
health. These pollutants can reach into groundwater and get into the food chain of human and
other living organisms and, therefore, their removal is critical.
Table 1.1 some regulated chlorinated organic compounds with their main sources (4).
Contaminant

MCLG1
(mg/L)

MCL or
Potential Health
2
TT (mg/L) Effects

Chlorobenzene

0.1

0.1

Dichloromethane

zero

0.005

1,1,1Trichloroethane

0.20

0.2

Liver or kidney
problems
Liver problems;
increased risk of
cancer
Liver, nervous
system, or
circulatory
problems

Sources of
Contaminant
Discharge from
agricultural and
chemical factories
Discharge from
drug and chemical
factories
Discharge from
metal degreasing
sites and other
factories

Though the concept of photocatalytic water decontamination is attractive for large-scale
industrial effluents, such as for textile industries, small-scale reactors could also play a very
important role in the destruction of organic wastes. This research explores the issues surrounding
the implementation of a laboratory scale photo reactor, where halogenated organic wastes
represent an expensive and inconvenient problem for most institutions. The efficiency of the new
photocatalyst towards halogenated compounds was explored. The design of the photo reactor
and the problem of simple, convenient, and low cost monitoring the progress of the
photochemical degradation was investigated.

1
2

Maximum Contaminant Level Goal (MCLG) - The level of a contaminant in drinking water below which there is
Maximum Contaminant Level (MCL) - The highest level of a contaminant that is allowed in drinking water.
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1.2 GENERAL METHODS OF WATER DECONTAMINATION
There are many physical and chemical methods for the removal of chemicals from water,
which include the use of anion exchange resins, flotation, ozonation, electro flotation,
adsorption, and filtration (5,6). Most of these techniques are effective for water decontamination,
but they are non-destructive and transfer the organic compounds from one phase to another
phase, thus creating secondary pollution. Consequently, these processes require regeneration of
the adsorbent materials and post-treatment of solid- wastes, which are expensive operations.
Heterogeneous photocatalysis using semiconductor nano-materials for wastewater purification is
a promising technology for the complete mineralization of organic compounds. Photo activated
semiconductors can completely decompose various kinds of pollutants that are refractory, toxic,
and non-biodegradable, into CO2, water and mineral acids under room temperature and
atmospheric pressure (7). Photocatalytic degradation is a potentially effective and inexpensive
and way to remove organic compounds from water.
1.2.1 Photochemical methods
The methods that use electromagnetic radiation to degrade organic chemicals are called
photochemical methods. Generally, these techniques use UV radiation or visible light with
oxidizing agents for generating •OH radicals (8). These techniques can be divided into two
groups according to their cost. High cost includes using O3 with UV and H2O2 with UV, and
O3/H2O2/UV. Intermediate to low cost includes using the photo-Fenton process, or
heterogeneous photocatalytic oxidation using UV and a catalyst such as TiO2. The high cost
techniques will not be discussed here. The following will give a brief description on the photoFenton and the heterogeneous photocatalytic techniques, as they will be the main subject of this
thesis.

3

1.2.1.1 Homogeneous catalysis
When a catalyst is present in the same phase as the reactants, it is called a homogeneous
catalyst. The photo-Fenton reaction is a homogeneous catalytic process that can be used to treat a
variety of industrial wastes containing a range of organic compounds (9,10) . It was developed in
the 1890s by Henry John Horstman. The photo-Fenton process has two reagents, hydrogen
peroxide and an iron catalyst, which are typically used to oxidize contaminants in wastewater,
such as trichloroethylene (TCE) and tetrachloroethylene (PCE). The high efficiency of this
process is traditionally thought to be due to the generation of the hydroxyl radical (•OH), which
has a high oxidation potential (E0 = 2.80 V) and can mineralize the organic compounds
completely to water and carbon dioxide (11).
In this process, the hydrogen peroxide oxidizes ferrous iron (II) to ferric iron (III), a
hydroxyl radical and a hydroxyl anion. Then another hydrogen peroxide reacts to reduce the iron
(III) to iron (II), a peroxide radical and a proton. The hydroxyl radical •OH is a powerful, nonselective chemical oxidant, which reacts very rapidly with most organic compounds. This radical
mechanism can be simply described by the following equations.
Fe2+ + H2O2 → Fe3+ + •OH + OH−

……………… (Eq 1.1)

Fe3+ + H2O2 → Fe2+ + •OOH+ H+

……………….. (Eq 1.2)

1.2.1.2 Heterogeneous catalysts
When the catalyst is present in a different phase than the reactants, it is called a
heterogeneous catalyst. Wide band gap semiconductor metal oxides such as TiO2, SnO2, ZnO,
ZrO2, SrTiO3, CdS, Fe2O3 and WO3, are photo-catalysts and have been shown to increase the
oxidation rates of water contaminants. These semiconductors act as sensitizers for light induced
4

redox processes due to their electronic structure, which is characterized by a filled valence band
and an empty conduction band (12). When a photon strikes with energy that matches or exceeds
the band gap energy of the semiconductor, an electron is promoted from the valence band (VB)
into the conduction band (CB) leaving a hole behind (13).
Titanium dioxide (TiO2) is one of the most important and widely used photo-catalyst,
because of its suitable flat band potential, high stability and activity for many photo-catalytic
reactions, it is nontoxic, and has a good adsorption capability for the organic compounds to be
degraded. However, it is difficult to remove nanoparticles from water because they easily stay
suspended in the water, penetrate filter materials, and clog filter membranes. This requires larger
catalyst particles to be used as photo-catalysts, but large particles are not as catalytically active.
Heterogeneous photocatalysts have been proven to effect full mineralization of organic
pollutants and have recently emerged as promising methods for purifying water and air. The
porous version of HTiNbO5, developed in our laboratory, has advantages over TiO2 in oxidizing
organic compounds in water.
1.3 ADVANTAGES AND APPLICATION OF POROUS METAL OXIDES
The major advantages of using the porous metal oxides developed by Saupe (21) are that
they are easy to settle out of solution and easy to filter from the solution at the end of the
reaction, due to their large particle size (14). They have large pore sizes and high surface areas,
which improve mass transport and catalysis, respectively. Other advantages of using porous
materials for photo-catalytic oxidations are low cost, reactions occur at room temperature and at
atmospheric pressure, and wide range of organic contaminants can be converted to water and
CO2.

5

Semiconductor porous materials have been used for many environmental purification
processes (purification of air and water from industry contamination) (15), hydrogen production,
and green organic transformations. Porous metal oxides are also used as electrode materials in
solar cells (16) and as immobilizing media (see Figure 1.1).

Figure 1.1: Applications of porous metal oxides (17).
1.4 PRINCIPLE OF HETEROGENEOUS PHOTO-CATALYSIS
The main components of a heterogeneous photo-catalytic system for water purification
are semiconductor particles in close contact with a liquid reaction medium and an irradiation
source like UV light. Titanium dioxide in powder form is a common catalyst used in the
experimental detoxification of aqueous effluents (15.16). Photocatalytic oxidation reactions can
occur when a photocatalyst is illuminated by radiation with a wavelength of higher energy than
the band gap energy (EG) of the semiconductor and consequently a hole (absence of electron) is
produced in the valence band and an electron is the promoted into conduction band of the
semiconductor. The photo catalytic oxidation of organic compounds can progress through
adsorption of the pollutant on the surface of the catalyst, followed by direct oxidation of the

6

pollutant’s electrons by positively charged holes. Conduction band electrons react with electron
acceptors in solution, such as adsorbed or dissolved oxygen in water. In addition, the electrons
and holes may recombined together without interacting with electron donors or acceptors and
generate heat.
A dominant indirect oxidation pathway involves .OH radicals, which are powerful
oxidizing species. However, these radicals are better electron acceptors than molecular oxygen,
and so they compete with oxygen and are deactivated in the process. Hydroxyl radicals are
generated from water at the catalyst surface or in its vicinity via the oxidation of water by the
holes on the semiconductor. As is described in detail in the following section, direct and indirect
oxidations occur at the same time during photolysis, and which mechanism dominates depends
on the chemical and adsorption properties of the pollutant. Both the holes and the hydroxyl
radicals are very powerful oxidants, which can be used to oxidize almost all organic
contaminants (14).
1.4.1 Mechanism of Photo-Oxidation
TiO2-based photo-catalysis has been extensively studied for the destruction of
environmental pollutants. Because the photo-catalytic reactions mostly take place on the surface,
the surface property of TiO2 is regarded as one of the most important factors in determining the
photo-catalytic reaction kinetics and mechanisms.
The mechanism of photo-degradation of organic contaminants can be simplified as the
following:
Energy absorption:

TiO2 + hν → e−(CB) + h+(VB)

…………… (Eq.1.3)

TiO2 (e− + h+) → TiO2 + heat / luminescence … (Eq.1.4)
7

Oxidation:

h+ + H2O → •OH + H+
RH + •OH →

Reduction:

CO2 + H2O

e– + O2 → O2–

…………… (Eq.1.5)
………….. (Eq.1.6)

…………..

(Eq.1.7)

O2– + H+ → HO2–

…………..

(Eq.1.8)

HO2– + H+ → H2O2

…………..

(Eq. 1.9)

H2O2 + contaminant →

products….…

(Eq.1.10)

Figure 1.2: General mechanism of semiconductor photo-catalysis (19).
Absorption of sufficient energy from the light source results in a separation of charges on
the surface of the catalyst into electrons and the residual positively charged holes. The adsorption
of water and oxygen molecular onto the surface of the catalyst result in oxidation-reduction
reactions. The positively charged holes oxidize water to form hydroxyl radicals and the electrons
reduce oxygen and eventually form hydrogen peroxide. Since both the hydroxyl radical and
hydrogen peroxide are strong oxidizing agents, they oxidize the organic contaminants, which
8

results in the production of carbon dioxide and water (20). The particle size and dimension are
important factors in determining the oxidation-reduction rate. The photo-electron-hole pairs are
more likely to be at the surface when particle size and dimension are small. If the particles are
big, electron/hole recombination will occur more frequently away from the particle surface,
before they can create useful reactions. The overall photo-degradation reaction of organic
compounds is:
Organic compounds + O2 + TiO2 + hν ≥ Eg

→

CO2 + H2O + inorganic matter….

(Eq.1.11)
1.5 RESEARCH OBJECTIVES
The main objectives of this research are
1. To test a newly developed porous semiconductor photocatalytic material for the
degradation of halogenated organic compounds in aqueous solution. Chlorobenzene,
dichloromethane, 1-chlorobutane, and trifluoroacetic acid were tested as model
compounds.
2. To develop a protocol for the convenient decontamination of low-volume research lab
wastes containing halogenated compounds. Several systematic protocols were tried.
3. To develop as easy way to monitor the progress and extent of the photo degradation of
wastes. Titration, ion selective electrodes, ion chromatography, and total organic carbon
analysis were employed.
4. To explore new synthetic pathways to produce large-pore, high surface area, porous
photocatalysts with large particle sizes. A new solvent exchange wash system was
developed.
5. To characterize the synthesized porous materials by the following techniques.
9

a. Transmission electron microscopy (TEM)
b. Scanning electron microscopy (SEM)
c. Powder X-ray diffraction (XRD)
d. BET nitrogen adsorption surface area analysis
e. Inductively coupled plasma optical emission spectroscopy (ICP-OES)
f. X-ray fluorescence (XRF)

10

Chapter 2: Synthesis of porous metal oxides HTiNbO5
2.1 SOLID STATE SYNTHESIS OF THE PARENT COMPOUND
For the preparation of the semiconductor, potassium titanium niobium pentoxide
(KTiNbO5), by a conventional solid state synthesis method, 7.0 grams of potassium carbonate
(K2CO3.1.5 H2O) (Fisher Chemicals, Fairlawn, New Jersey) was first ground in a mortar and
pestle and heated in an oven to 230 °C for two hours to remove the water. It was then added to
the mixture of 8.0 grams of titanium dioxide (TiO2, 99.9 %, Sigma-Aldrich) and 13.3 grams of
niobium (V) oxide (Nb2O5, 99.5 %, Alfa Aesar). The mixture was then ground into a fine powder
and placed in an alumina crucible and heated in air to 1050 °C for 20.0 hours in a high
temperature furnace (BF51800 Series, Lindberg/Blue, NC, USA) (Figure 2.1).

Figure 2.1: High temperature furnace
A 5% excess of K2CO3 was used to compensate for the loss of potassium as an oxide vapor
during the heating.
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The major steps in the preparation of porous HTiNbO5 material (21) are shown in Figure 2.2.

Figure 2.2: Block diagram showing the synthetic processes of porous HTiNbO5
2TiO2 + Nb2O5 + K2CO3

2KTiNbO5 + CO2 …….. (Eq. 2.1)

12

For this reaction, the temperature of the furnace was raised to 120.0 °C at a rate of ten °C
per minute and held for the next 30.0 minutes to drive of any moisture. Then the temperature was
raised to 1050°C at a rate of 10.0 °C per minute and held there for the next 20.0 hours. Finally,
the sample was allowed to cool to 25.0 °C. The material KTiNbO5 was then stored in a
dessicator. Figure 2.3 shows the temperature programming graph of the furnace.

Figure 2.3: Schematic of furnace temperature program for synthesizing KTiNbO5
2.2 PREPARATION OF HTiNbO5 FROM KTiNbO5
KTiNbO5 has a layered structure with exchangeable cations. KTiNbO5 was converted
into HTiNbO5 by cationic exchange using strong acidic solutions (see Figure 2.4). In this
procedure, five grams of powdered parent material KTiNbO5 were stirred in a covered 500.00
mL beaker with 250.00 mL of de-ionized water (DI) and 100.00 mL of concentrated
hydrochloric acid (12 M) HCl for one day with no heat (Figure 2.5A). The mixture was
centrifuged at 3000 rpm for 10.0 minutes using a Beckman Coulter centrifuge (Allegra X-12 R
Series Centrifuge).

13

Figure 2.4: KTiNbO5 have layered structures with exchangeable cations.
The liquid was poured out and the solid was retrieved using DI water and placed back into the
beaker. These steps were repeated every 24.0 hours for three days for a total of four acid
exchanges. For the final and complete removal of solids from the bottom of the centrifuge tubes,
a small amount of ethanol was used to transfer the residue to a glass Petri dish. Finally, it was
dried at room temperature (Figure 2.5B). In the structure of HTiNbO5, H+ ions are in between
two-dimensional anionic sheets composed of TiO6 and NbO6 octahedra (22).

A

B

Figure 2.5: A- Stirring powder of KTiNbO5; and B- Powder of HTiNbO5
14

A colloidal solution cannot be directly formed from KTiNbO5, therefore potassium ions
are exchanged for hydrogen ions.
2.3 EXFOLIATION OF HTiNbO5 INTO SINGLE SHEET COLLOIDS
Exfoliation of HTiNbO5 in aqueous solutions formed colloidal single-crystal TiNbO5nano-sheets, which precipitated under an acidic condition to form aggregates of HTiNbO5 nanosheets. This chemical transformation of lamellar metal oxides into single sheet colloids or nanosheets occurred when the powdered HTiNbO5 shown in Figure 2.5 B reacted with
tetrabutylammonium hydroxide (TBAOH) by an acid-base neutralization reaction (23,24).
HTiNbO5 + TBA+ OH-

TiNbO5- + TBA+ + H2O…………. (Eq. 2.2)

Figure 2.6: Acid-base neutralization reactions between HTiNbO5 and TBAOH (left) and flask
with exfoliated colloidal particles and indicator dye (right).
When the hydrogen ions are replaced by TBA+ cations between the layers (Figure 2.6 and
Eq 2.2), the exfoliation of the individual metal oxide sheets occurs. The exfoliated metal oxide
sheets (TiNbO5-)n are negatively charged and allow TBA+ counter cations on their surface to
form two-dimensional (2D) macropolyanions. Two grams of acid exchanged powder HTiNbO5
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was added to 100.00 mL of DI water. Two drops of standard phenolphthalein dye solution was
added to the solution as a pH indicator.

Figure 2.7: Exfoliated colloidal sheets (individual exfoliated sheets).
A solution of 40% TBAOH (Alfa Aesar) was added to the mixture drop by drop until the
white color changed to light pink (Figure 2.6) and to a pH above 9.0. The mixture was stirred for
one day to ensure the stability of the pH. A total of 1.3 mL of TBAOH was added. The pH of the
colloid should be tested every one or two weeks or when the pink color disappears. The pH
measurements were done by using a special low-leakage pH probe.
2.4 PROCEDURE TO PRECIPITATE COLLOIDS: FORMATION OF THE POROUS MATERIALS
The purpose of this process is to make the catalytic materials porous. Colloids of the
titanoniobate particles were precipitated in a short glass tube with one end closed with a
polyethylene vial cap. 5.0 mL of HTiNbO5 colloid solution was added to the vial with 15.0 mL
of water. The mixture was mixed very well. Then, there drops of 6 M HCl were added on the
sides of the vial (equidistant) and were allowed to roll down into the solution. The vial was then
closed with a second cap. The solid was left undisturbed for two days. The nano-sheets formed
aggregates during this period resulting in porous solids.
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A

B

Figure 2.8: A-The porous material is precipitated inside the vial. B- Exposure to acid vapor also
makes the colloidal sheets precipitate.
2.5 SOLVENT EXCHANGE AND REMOVAL
After the formation of the porous solids via precipitation with acid, the goal is to obtain a
dried porous material that can be characterized. To dry the material successfully using
supercritical point carbon dioxide process, the solid must be in acetone and be free of water (see
the next sections on drying). To accomplish this, the porous solid was rinsed with water,
followed by ethanol and then finally acetone. Previously, the process of solvent exchange was
done by bathing the vial in large amounts of the next solvent, changing the solvent for fresh
every day, until gentle diffusion replaced one solvent with another. This process took one week
or more to accomplish and consumed large amounts of solvent, which had to be disposed of. In
addition, using this process, the removal of the water in the samples was incomplete, which
resulted in excessive shrinkage during the drying process and some pore collapse and loss of
surface area.
One of the objectives of this project was to develop a faster, simpler, and more effective
way to accomplish the solvent exchange process. I helped develop the new solvent exchange
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process described here, during my time as a graduate student. The sample vial (in Figure 2.8A)
with both caps on was placed on a clamp and ring stand (see Figure 2.9). Holes were punctured
into the plastic cap on the bottom of the vial to allow solvent to leak out. Solvent was dripped
into the top of the vial via a syringe needle pushed through the top plastic cap. Care was taken
so that the rates of the leak and additions were equal, so that the solid was not allowed to stand
without solvent supporting its weight. The precipitated sample was rinsed with 300.00 mL
water, followed by 300.00 mL of ethanol and then 500.00 mL of acetone by using a 60.00 mL
plastic syringe body through flexible polyethylene tubing and a needle, which is connected to the
top of the vial (Figure 2.9). After that, the top cap was replaced with a wire mesh cap (to allow
the passage of solvent during CO2 drying steps in the supercritical point drying process) and the
vials were immersed fully into a beaker of dry acetone (see Figure 2.10).

Figure 2.9: Washing and solvent exchange of the metal oxide aggregates.
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Figure 2.10: Two sample vials are placed fully into a beaker of acetone
2.6 THE SUPERCRITICAL POINT CO2 DRYING PROCESS
The supercritical point CO2 drying process allowed the samples to be dried without any
solvent surface tension and to prevent the shrinkage of the sample and the collapse of pore
structure. Carbon dioxide is the most commonly used supercritical fluid due to its low toxicity
and low environmental impact. In its supercritical state, at temperature and pressure above its
critical point (Tc =31.1 ◦C and Pc = 72.9 atm), CO2 has both gas-like and liquid-like qualities
(Figure 2.11). Above the critical point, the liquid and the gas phases disappear to become a
single supercritical phase. In this process, acetone must replace all solvents in the sample and the
sample must be water free (see solvent exchange process described above). The acetone is then
replaced away with liquid carbon dioxide in a chamber under pressure. After that, the liquid
carbon dioxide is heated until its temperature goes beyond the critical point, at which time the
pressure can be gradually released; allowing the gas to escape and leaving a dried product
without destroy it.
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Figure: 2.11 Phase diagram of Carbon dioxide
A CO2 supercritical point drying system (Quorum Technologies, East Sussex, and U.K.)
was used to dry the precipitating sample. This procedure is done immediately following the
solvent exchange process. The CO2 chamber (Figure 2.12 A) was cleaned and filled with acetone
until 3/4 full. The sample was placed inside the chamber with acetone and the chamber lid was
closed and cooled to 15-19 oC by circulating cold water. The CO2 tank valve and chamber inlet
valve were opened to begin letting liquid CO2 go inside the chamber and the acetone flushed out
from bottom outlet. After some time the CO2 liquid and the acetone were seen (through the
window of the apparatus) separated by a phase boundary, and the acetone moved down to the
bottom and out the exit valve as pure CO2 comes into the top. The chamber was filled and
emptied for three times with occasional agitation to promote the mixing. Then chamber was
filled again to 3/4 full, and all chamber valves were closed and the cold circulation pump was
turned off. The chamber temperature was then raised to 30.0 °C by turning on the heater and
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pump circulating the hot water. Then the hot water circulation was stopped and the chamber
temperature remained the same for 30.0 minutes.

A

B

Figure 2.12: A-The two vials seen inside through the window CO2 drying chamber B- Dried
porous metal oxide
The chamber was cooled again to 15.0 °C and the CO2 inlet valve and the outlet valve
were opened to let in and flush out CO2 for ten minutes. Finally, the chamber was filled to 2/3
full. After that, all the valves were closed and the chamber was heated to 40.0 °C. During this
period, the CO2 reached the supercritical point phase. The chamber was kept at 40 °C, for 15.0
minutes. The top vent was opened very slowly to release the gas. When the pressure reached the
atmospheric level, the chamber was opened.
2.7 TOPOTACTIC DEHYDRATION OF HTiNbO5 TO Ti2Nb2O9
A topotactic dehydration treatment was developed to enhance the electronic conductivity
and improve the activity of the catalyst. When the distance between the layers is reduced, the
electronic conduction between layers will improve. The layers of dried porous metal oxide
materials (HTiNbO5) are held together via electrostatic forces, with the H+ gluing the negative
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sheets together (25). Upon heating, two hydrogens and one oxygen from one of the metal-oxygen
octahedra in the structure leave as water and dehydrate the sample. The result is a metal oxygen
metal bond bridging two layers in a covalent bond. A topotactic dehydration of HTiNbO5 will
lead to a three-dimensional (3D) structure with empty tunnels (Ti2Nb2O9). HTiNbO5 (in Figure
2.12 B ) is dehydrated at 450°C for two hours in the furnace producing topotactically dehydrated
porous oxide ( Ti2Nb2O9) as shown in Figure (2.13). The ionic bonding between the sheets is
converted in to covalent bonding by dehydrating the material topotactically (26).
2HTINbO5

Ti2Nb2O9 + 2H2O…….. (Eq 2.3)

Figure 2.13: Condensation of HTiNbO5 to Ti2Nb2O9.
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Chapter 3: Instrumental Techniques
3.1 INTRODUCTION
Different techniques were used to characterize the metal oxide materials (the
starting materials (KTiNbO5), acid exchanged materials (HTiNbO5), POX (HTiNbO5) and
topotactic dehydrated POX (Ti2Nb2O9). Structural characterizations were studied by powder xray diffraction (XRD) using a XRD system (D8 Discover, Bruker Axs Inc., WI, USA). The
surface morphologies of the materials were carried out by scanning electron microscopy (S4800, Hitachi, Japan) and transmission electron microscopy (H-9500, Hitachi, Japan). Surface
areas, pore volume and pore sizes were measured using the Accelerated Surface Area and
Porosity system (ASAP 2020) by Micromeritics Instrument Corporation (Georgia, USA) which
uses N2 adsorption. Elemental analysis (K, Ti, and Nb) was done by using Inductively Coupled
Plasma- Optical Emission Spectroscopy (Optima 4300 DV, Perkin Elmer, Norwalk, CT, USA).
The X-ray fluorescence spectroscopy (XRF) Fischer scope X-ray system (Västra Frolunda,
Sweden) was used to determine the elemental composition and film thickness. UV 540 W
IMMER Lamp (5in ARC, RADIAL LEAD W/DETACH. 6FT PIN CORD was used as
Photocatalysis techniques to irradiate the reaction. Chloride and Fluoride analysis was measured
by using Ion chromatography (IC) Dionex 1100 Anions. Total organic carbon was determined by
Total organic carbon analyzer (TOC) Brand: Shimadzu (SSM-5000A& TOC-VCS/CP analyzer).
3.2 CHARACTERIZATION TECHNIQUES
3.2.1 Transmission Electron Microscopy (TEM)
TEM yields crystallographic, morphology and compositional information of the porous
metal oxide materials. It has the same principle of the light microscope but uses electrons instead
of light. The very lower wavelength of electrons makes it possible to get a resolution a thousand
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times better than with a light microscope. The TEM is very good tool for high magnifications. It
uses electromagnetic lenses to focus the electrons into a very thin beam Figure (3.1). The image
can be studied by photographed with a camera. The TEM samples were prepared by diluting the
samples in DI water and then placing them on Formvar-coated 200 mesh copper grids. The beam
of electrons is interacted with the sample while travel through it. Then an image is formed.

Figure 3.1: Transmission electron microscope
Transmission electron microscopy of the colloid, porous metal oxides (HTiNbO5) was
done using shared TEM system (H-9500, Hitachi, Japan) housed in the department of
Metallurgical and Materials Engineering at UTEP.
3.2.2 Scanning Electron Microscopy (SEM)
A scanning electron microscope (SEM) is a type of electron microscope that images a
sample by scanning it with a high-energy beam of electrons in a raster scan pattern. The
electrons interact with the atoms that make up the sample producing signals that contain
information about the sample's surface topography, composition, and other properties such as
electrical conductivity. Scanning electron microscopy (SEM, S-4800, Hitachi, Japan) housed in
24

the Department of Metallurgical and Materials Engineering at UTEP was used to study the
sample’s properties such as the structure and pore sizes of the metal oxide materials (the starting
materials (KTiNbO5), acid exchanged materials (HTiNbO5 ), POX (HTiNbO5 ) and topotactic
dehydrated (Ti2Nb2O9 ) ).

Figure 3.2: Scanning electron microscope
3.2.3 X- ray diffraction
X-Ray measures the space between layers or rows of atoms, determines the orientation of
a single crystal or grain, finds the crystal structure of an unknown material, and measure the size,
shape and internal stress of small crystalline regions .The crystal structures and XRD patterns of
the parent material, acid exchanged material, non topo titanoniobate, and topotactic dehydrated
titanoniobate were measured with an X-ray diffractometer (Cu-K) in the Department of
Metallurgical and Materials Engineering at UTEP. Samples were prepared by placing around
100 mg of sample on a 20 mm center hole of a 2 mm thick aluminum plate.
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Figure 3.3: BRUKER D8 Discover X-ray diffractometer
……….. (Eq 3.1)
d = the spacing between diffracting planes.
θ = the incident angle.
n = any integer.
λ = the wavelength of the beam.
3.2.4 Accelerated Surface Area and Porosimetry System
The ASAP 2020 System is an essential tool for providing surface area and pore size
distribution of the sample. This technique contains two independent vacuum systems, one for
sample preparation and another for sample analysis for allowing the preparation and analysis to
proceed concurrently without any interruption. Nitrogen and helium were used as compressed
gases in the analysis. The BET and Langmuir surface area, pore volumes, pore sizes, and pore
size distribution of the porous metal oxide aggregates of acid exchange, non-topo, and topo
materials were measured.
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Figure 3.4: The ASAP 2020 (Micromeritics) surface area analyzer (BET) .
3.2.4.1 The principal of Analysis Technique
The basics of this technique were simple. The sample contained in an evacuated sample
tube was cooled in liquid nitrogen (N2), and then exposed to the analysis gas at a series of
precisely controlled pressures. The number of nitrogen gas molecules adsorbed on the surface
increase as the surface area of the sample increase. Any micropores on the surface were quickly
filled, then the surface became completely covered by nitrogen gas molecules, Then the
desorption process started and the pressure systematically was reduced resulting in the liberation
of adsorbed molecules. The changing amount of gas on the solid surface was quantified.
3.2.4.2 Sample Preparation for ASAP 2020 Porosity System
Dried sample of HTiNbO5 (0.05 g) was placed in Long stem sample tubes. Then this tube
was plugged into a degassing port and a heating mantle was attached to it (the sample was
degassed with nitrogen at 90.0 oC under vacuum for two to three hours and backfilled with
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nitrogen or helium gas to remove excessive moisture or adsorbed contaminants from the surface
of the sample). Then the tube with the sample was weighed again to get the mass of the sample
after removing the gases.
3.2.4.3 Sample analysis
The sample tube was removed from the degassing port and plugged into the analysis port
to run the samples in the analysis phase, which took about ten hours to complete. Data obtained
by an ASAP 2020 analyzer was calculated by the various models in the computer-aided system.
The parameters for degassing, adsorption, analysis and final report were chosen, and the analysis
of the sample was started.
3.2.4.4 Degassing Conditions used for the Evacuation and Heating Phase
The pretreatment for degassing process were as follows:
The temperature ramp rate: 10.0 °C /min.
The target temperature: 90.0 °C.
Evacuation rate: 5 mm Hg/s.
The unrestricted evacuation began from 5 mm Hg/s.
Vacuum set point: 100 µm Hg.
Evacuation time: 30.0 min.
The ramp rate for the heating phase: 10.0 oC /min.
The parameters for the analysis of surface area pore volume and pore sizes were the relative
pressure range (p/p0) (0.05 to 0.3) and Backfill gas (Nitrogen gas).
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3.2.5 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES)
Inductively coupled plasma optical emission spectrometry (ICP-OES) technique is a type
of emission spectroscopy used for the detection of trace metals in the sub ppm range. The
detection limit of the instrument is ≤1ppm. Solid samples must be dissolved in order to run on
ICP. 4-5 mL of the sample is required for a good run. A minimum of three standard solutions is
needed for calibration. They should have a concentration near the expected concentration for the
sample. The ICP-OES is composed of two parts: the ICP and the optical spectrometer. The ICP
Argon gas is typically used to create the plasma.
3.2.5.1 The principal of ICP-OES
It uses the inductively coupled plasma to produce excited atoms and ions. Liquid sample
is introduced into the core of inductively coupled argon plasma (ICP), which generates
temperature of approximately 8000°C. At this temperature, all elements in the sample become
excited and the electrons emit energy at a characteristic wavelength as they return to ground
state. The emitted light is then measured by optical spectrometry .The intensity of this emission
is indicative of the concentration of the element within the sample.
3.2.5.2 Sample preparation
Topo marital sample (HTiNbO5) was dissolved in two drops HF and diluted by 0.2%
HNO3 for analysis in inductively coupled plasma/optical emission spectrophotometer (ICP-OES,
Perkin Elmer, Optima 4300 DV, and Norwalk, CT, USA.
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Figure 3.5: Inductively coupled plasma optical emission spectrometer (ICP-OES)
3.2.6 X-ray fluorescence spectrometry (XRF)
XRF is a nondestructive method that is used to identify most elements with an atomic
number equal to or greater than aluminum. XRF combines highest accuracy and precision with
simple for the analysis of elements from 100 % down to the sub-ppm-level. Samples are
analyzed as powders or solids without preparation, which is placed in a beam of high-energy
photons produced by an X-ray tube.
When an X-ray beam strikes the sample, the atoms in the sample absorb X-ray energy by
ionizing, ejecting electrons from the lower energy levels (inner shells). During this time, the
ejected electrons are replaced by electrons from a high energy level (outer shells) and emit
excess energies as fluorescent x-rays which collected and displayed in a spectrum with
wavelength dispersive detector. The characteristic peaks identify the elements by the
wavelengths of the emitted x-rays (qualitative) and the height of the peaks determines
concentrations of the elements (quantity).
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Figure 3.6: Basic principal of X-ray fluorescence
XRF was done on a XDAL, Fischerscope X-ray system (Vastra Frolunda, Sweden)
housed in Dr. Gardea’s laboratory in the Department of Chemistry at UTEP.
3.3 PHOTO-CATALYSIS TECHNIQUE
Reactor has been designed from common components (lamp, immersion well and sample
housing). This reactor has important characteristics such as an immersion well, which allows
solutions of the reactant to be irradiated by a lamp located in a double-walled immersion well.
This reactor is especially useful for preparative work especially with small volumes and/or
concentrated solutions and easy for operation. The photoreaction experiments were all run on
photo-reactor located in Dr. Russell Chianelli’s laboratory in the Materials Science Institute at
UTEP. A photographic sketch of the reactor is shown below in figure 3.7.
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Figure 3.7: The large photo-reactor used
3.4 ANALYSIS TECHNIQUES
3.4.1 Ion Chromatography(IC)

Figure 3.8: Ion chromatograph
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The ion chromatography is used for analyzing aqueous samples of common anions (such
as fluoride, chloride, nitrite, nitrate, and sulfate and common cations like lithium, sodium,
ammonium, and potassium) in parts-per-million (ppm) quantities of using conductivity detectors.
It can provide quantitative analysis of anions at the ppb level. Ion chromatography is a form of
liquid chromatography that uses ion-exchange resins to separate atomic or molecular ions based
on their interaction with the resin. It is rapid and great technique for analysis of anions and
cations. In cation exchange chromatography, positively charged molecules are attracted to a
negatively charged solid support on the other hand, in anion exchange chromatography;
negatively charged molecules are attracted to a positively charged solid support. The interaction
is determined by the number and location of the charges on the molecule and on the functional
group. The majority ion-exchange separations are done with pumps and metal columns. Ion
chromatography (Dionex 1100 Anions) housed in Dr. Shane Walker’s laboratory in the Center
for Inland Desalination System Department of Civil Engineering at UTEP.
3.4.2 Total organic carbon TOC

Figure 3.9: Total organic carbon analyzer
This method provides procedures for the determination of total organic carbon (TOC), in
source water. The TOC Analyzer measures total carbon (TC) and total inorganic carbon (TIC)
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and subtracts TIC from TC to obtain TOC as showing in the equation TOC = TC – TIC. TIC is
usually coming from dissolved carbon dioxide (CO2), carbonate, and bicarbonate. An oxidizer
and an acid are added to the sample. The acid reacts with bicarbonate and carbonate ions present
in the sample to release carbon dioxide (CO2). The CO2 released from bicarbonate and carbonate
ions represents the TIC in the sample. The sample is then subjected to ultra-violet (UV)
radiation, which reacts with the oxidant and breaks down all remaining carbon bonds in the
sample to release CO2, which is detected by a conductivity detector. The CO2 released from both
the acid reaction and the UV radiation represents all the carbon (TC) released from the sample.
The measurement of TOC is based on calibration with potassium hydrogen phthalate (KHP)
Standards.
3.4.2.1 Sample preparation
Potassium hydrogen phthalate solution was used as standard solution for calibration. The
calibration curve was stable for approximately one week. 25% phosphoric acid and all other
reagents such as 1N HCl, NaOH, and DI water were used for washing and dilution (28). The
sample was filtered through a filter with 0.45 micrometer diameter pores before the analysis.
Total organic carbon equipment (TOC) Brand: Shimadzu (SSM-5000A& TOC-VCS/CP
analyzer located in Dr. Shane Walker’s laboratory (the Center for Inland Desalination System lab
in the Department of Civil Engineering at UTEP).
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Chapter 4: Characterization of the photocatalyst materials
4.1 ANALYSIS BY TRANSMISSION ELECTRON MICROSCOPY
Transmission electron microscope analysis of the exfoliated colloidal materials (TiNbO5-)n
showed the aggregation of the sheets, and their folding, wrinkling and rolling that leads to the
observed random porosity. (Figures 4.1, 4.2)

Figure 4.1: TEM image of exfoliated colloidal HTiNbO5 materials
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Figure 4.2: TEM image showing the length and width of a narrow sheet.
4.2 ANALYSIS BY SCANNING ELECTRON MICROSCOPY
SEM images resulted from the interaction of the beam of high-energy electrons with the
sample’s surface. This technique showed the presence of high porosity and homogeneity
throughout the sample. The images in Figures (4.3) and (4.4) demonstrate that the parent
material KTiNbO5 and acid exchange are layered compounds. Images in Figure (4.5) shows
exfoliated sheets in porous material HTiNbO5. Image (4.6) shows very thin sheets, which have
high surface area.
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Figure 4.3: SEM image of parent material KTiNbO5

Figure 4.4: SEM image of acid exchanged HTiNbO5
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Figure 4.5: SEM image of non-topo HTiNbO5
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Figure 4.6: SEM image of topo Ti2Nb2O9.
4.3 XRD PATTERNS OF THE POROUS METAL OXIDES
High crystallinity was observed for the parent and acid exchanged materials. The first
intense peak for the parent material about 9° 2θ corresponds to the distance between the layers of
the sheets. When potassium atoms are replaced by protons, the distance between the layers will
decrease; therefore, the peak for the acid exchanged material has moved slightly to the right.
This data collection shows that the parent material and acid exchange samples have ordered layer
structures. The XRD pattern of non-topo and topo HTiNbO5 shows a lower degree of
crystallinity. The intensity of the peaks is much lower for non-topo titanoniobate materials
compared to those in the parent and acid exchanged materials, because of the high degrees of
randomness of metal oxide sheets. The small peaks present on the XRD pattern of non-topo and
topo HTiNbO5 indicate a much poorer periodic layer structure. Due to the elimination of the
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distance between the sheets during the topotactic dehydration process, the topotactically
dehydrated materials has very small peak than non-topo.

Figure 4.7: XRD patterns of parent material KTiNbO5, acid exchanged HTiNbO5, non-topo
HTiNbO5 and topo Ti2Nb2O9
4.4 BET SURFACE AREA AND PORE ANALYSIS OF POROUS METAL OXIDES
ASAP 2020 System is an essential tool for providing surface area and pore size
distribution of acid exchange, non-topo, and topo materials (HTiNbO5, Pox HTiNbO5,
Ti2Nb2O9). BET surface areas, Langmuir surface areas, pore volumes, and pore sizes of the
materials (heated to 150.0 °C) were measured and are shown in Table 4.1. The structure of the
catalyst including surface area and pore size has some effect on catalytic activity. The higher the
surface area the better is the efficiency. The non-topo material gave a BET surface area of 88
m2/g and the topo material gave a BET surface area of 110m2/g. The pore size distribution is
random with a majority of the pore volume coming from very large pores. Irrespective of having
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random pore size distribution, see (Figure, 4.8- 4.13 in Appendix 1) at 150.0 °C, This peak may
be due to the formation of loops when the sheets of titanoniobate material are folding.
Table 4.1 BET surface area measurements of non-topo and topo materials
Sample

BET
Surface
area, m²/g

Langmuir
Surface area,
m²/g

Single point
surface area,
m²/g

5.22

8.25

5.06

0.014

Non-topo
HTiNbO5

88.28

142.88

83.38

0.26

Topo
HTiNbO5

110.18

174.84

107.15

0.27

Acid
exchanged
HTiNbO5

BJH
Adsorption
pore volume,
cm³/g

4.5 ICP-OES ANALYSIS
ICP analysis was done for topotactic dehydrated titanoniobate porous metal oxides with
topo sample. Even though there have been four consecutive acid exchanges done on the parent
KTiNbO5 materials to get HTiNbO5, the result in Table 4.2 shows that there is still some
potassium present in the sample.
Table 4.2 ICP-OES analysis of topotactic dehydrated titanoniobate porous metal oxides.
Mass of the sample Ti (ppm ) Nb (ppm ) K (ppm ) Nb/Ti
10 mg

7.834

15.53

0.26

1.98

4.6 X-RAY FLUORESCENCE SPECTROMETRY (XRF)
For the characterization, XRF spectroscopy was used on the porous metal oxides
(HTiNbO5) and topotactic dehydrated porous metal oxides (Ti2Nb2O9). Both the materials
showed the presence of titanium and niobium (Figure 3.19).
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Figure 4.8: X-ray fluorescence image of POX (non-topo).

Figure 4.9: X-ray fluorescence image of topo material
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Chapter 5: Photo degradation of halogenated compounds
5.1 FIXED BED PHOTO REACTOR PROCESSES COLUMN AND HORIZONTAL SYSTEMS
(UNSUCCESSFUL)
The flow through reactor would enable a continuous decontamination process. Several
column and horizontal beds were tried. A monolithic bed of catalyst was made and water flowed
through it. We found inadequate flow through the catalyst, production of CO2 bubbles broke up
the catalyst into loose particles, broken particles layered onto filter materials decided to use a
batch process, stirring the catalyst under illumination.

Figure 5.1: Fixed bed photo reactor processes
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5.2 EXPERIMENTAL SET UP
In order to test our catalyst for photo degrading halogenated compounds we have used
three chlorinated compounds; dichloromethane (CH2Cl2 99.8%, EMD chemicals Inc), 1chlorobutane (CH3(CH2)3Cl 99%, Aldrich Chemical Company, Inc), chlorobenzene (C6H5Cl,
Fisher Scientific), and trifluoroacetic acid (CF3COOH 99% Aldrich Chemical Company, Inc).
Each was tested separately at various irradiation times, and a mixture of the first three
chlorinated compounds was tested with the catalyst.
5.3 EXPERIMENTAL PROCEDURES
A sample of 0.03 g of the topo-HTiNbO5 material was placed in the reactor chamber and
20.00 mL of DI was added. To obtain a known halogenated organic concentration, 100 µL of the
halogen(s) was put into the solution in every experiment. The mixture was stirred by a glass
magnetic stir bar in an upright Pyrex cylindrical double-walled immersion well reactor (23 cm
long × 5 cm internal diameter, with a total volume of ca. 450 cm3) open to air. The water used
was purified using state of the art micro filtration and ion exchange technologies. Irradiation of
the reaction solutions was carried out by using a medium pressure 450 W IMMER Lamp (5in
ARC, RADIAL LEAD W/DETACH. 6FT PIN CORD) See Figure (5.1). The UV lamp was
positioned in double walled quartz sleeves and cooled by circulating cold water through the
quartz tube. All experimental work was done at standard conditions (room temperature,
atmospheric pressure).
The distance between the lamp and sample was kept at five cm. No heating effect was
observed in the reaction vessel due to the UV source. A standard pH meter was used to measure
the pH before and after the photoreaction. After finishing each photolysis experiment, the
samples were collected in special (metal-coated cap) vials and stored in the dark for subsequent
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analysis. The same procedure was applied to all the other compounds used, and including the
mixtures.

Figure 5.2: Photo-catalytic reactor
5.4 SAMPLING AND MEASUREMENTS
Samples of the liquid phase from the photolyzed solutions at different exposure times
were left at room temperature in dark for some time (from one day to a week sometimes). A 0.45
µm filter was used to filter the samples for total organic carbon (TOC) analysis. In contrast,
samples for ion chromatography (IC) do not need to be filtered because its tubes have caps with
a built in filter. The measurement of inorganic ions (Cl-, F-) was carried out by IC, where the
measurement of total organic carbon was studied by a TOC analyzer. For total organic carbon,
potassium hydrogen phthalate solution was used as standard solution. The calibration solution
was stable for approximately one week. The standard calibration curves for chloride, fluoride,
and total organic carbon are shown below.
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Figure 5.3: Calibration curve for chloride measurement.

Figure 5.4: Calibration curve for fluoride measurement
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Figure 5.5: Calibration curve for total organic carbon
5.5 PHOTOCATALYTIC DEGRADATION OF CHLORINATED ORGANIC COMPOUNDS
C are oxidized first to intermediates, such as aldehydes and carboxylic acids, and finally
to CO2, H2O, and chloride ions. For this reason, measuring the chloride and the fluoride ions in
the solution can be regarded as an indicator of photo degradation of the parent compound. For all
the chlorinated organic compounds experiments described, the concentration of the chloride ions
in the solution were measured to indicated the extent of the photolysis.
5.5.1 Photo-degradation of CH2Cl2
5.5.1.1 Experiments with the small photo-reactor
To study the effectiveness of our catalyst in the photo degradation of chlorinated organic
compounds, we initially used a small photo reactor with a UV lamp intensity of 5.4 mW/cm2
@254 nm and samples were irradiated at a distance of 23 mm (face of bulb to face of quartz
vessel). The amount of UV light reaching the sample was measured with a light power meter
(PM 100, Thorlabs Inc., Newton, New Jersey, USA) in conjunction with a thermal sensor
(S212A-10 W, Thorlabs Inc., Newton, New Jersey, USA). The photon flux was about 11.98
mW (1.63 X 1017 photon/sec.), and it is approximate due to the cylindrical geometry of the
47

quartz tube, which causes reflection losses which had to be approximated. The reactor is shown
in Figure (5.1). 100 µL of CH2Cl2 (density of 1.34 g/mL) was added to 20.0 mL of DI water.
The theoretical initial concentration of the potential chloride and carbon in this solution were
5559 ppm and 948 ppm, respectively, and the pH of the solution before irradiation was 4.5. Air
was not bubbled or mixed into the reaction solutions, but normal air was present in the headspace
of the reaction vessel. The experiments were carried out at seven irradiation times one, two,
three, four, five, six, fifteen and sixteen hours. The results are shown in Table 5.1.

Figure 5.6: The small photo-reactor
Table 5.1 Photolysis results for CH2Cl2
Time of the
irradiation (h)

pH after the
irradiation

Concentration of Production % Cl
Cl product in ppm

0

4.5

0.08

0.8

1
2
3
4
5
6
15
16

1.73
2.02
1.4
1.53
1.45
1.51
1.43
1.87

681.37
228.4
1328.9
782.8
1212.5
994.5
1304
398.2

14.8
4.1
23.9
14.1
21.1
18.4
23.5
7.1
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The highest chloride production was observed at the 3 hour irradiation time. This
observation is in parallel with the observed reduction in the pH of the solution. The results show
non-linear Cl- production with time. Most likely, chlorine radicals play an important role in the
observed reactions, as they do in the photo-catalytic degradation of trichloroethylene (29). This
also could be that the released chloride ions react with other molecules in the solution and make
intermediate compounds. In addition to that, the oxygen could be a limiting factor. In other
studies of dichloromethane degradation, a change in the rate of photo oxidation of
dichloromethane was observed with respect to oxygen concentration.
5.5.1.2 Using the large photo-reactor
Table 5.2 Photolysis results for CH2Cl2
Time of the
irradiation (h)
0
1
2
3
4
5
6
7
8

pH after the
irradiation
4.5
1.07
0.99
0.92
0.87
0.84
0.80
0.76
0.76

Concentration of Cl ions
product in ppm
2.5
2803
3954
4039
4177
4232
4432
4570
4575

Total organic
carbon in ppm
948
61.47
13.67
6.58
5.09
27.03
6.02
48.90
40.95

Production
% Cl

0.04
50.4
71.1
72.7
75.1
76.1
79.7
82.2
82.3

The result from IC analysis shows that 82.3% of the original chloride ions present in the
dichloromethane was released at eight hours irradiation time. This is an indication of CH2Cl2
degradation, as chloride is one of the degradation products. In contrast to the results presented
above using the small UV lamb, the results shown here illustrate a linear Cl- concentration with
irradiation time. Over the course of the photolysis, the pH of the solution dropped from 4.5 to
0.96. This is an indication of the photo-degradation of CH2Cl2 into CO2, water, and chloride. The
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pH changed very quickly to acidic after the photolysis duo to production of atomic chlorine,
which reacts with water and forms hydrochloric acid. The intensity of the UV light plays an
important role here. This is in agreement with other findings, that show most chlorinated organic
compounds such as pesticides, and herbicides are completely oxidized into non-toxic products
like carbon dioxide, water and hydrochloric acid (30). The photo-catalytic degradation of CH2Cl2
in aqueous solution shows almost complete degradation to HCl, CO2, and H2O. In the presence
of additional oxygen, the degradation rate could be increased (31).

Figure 5.7: Plot of Cl ion concentration and pH vs. irradiation time of CH2Cl2
The results of the TOC shown in column four of Table 4.1 demonstrate a decrease in
TOC with increase of the irradiation time, and a rise in Cl- concentration. From results of both
Cl- concentration and TOC, the reaction progress leads to an almost complete degradation of
CH2Cl2 to CO2 and water. These results demonstrate the importance of using higher UV
intensity, for faster photo-degradation. The UV lamp used here had a light intensity of 450
MW/cm2, 45 times higher than the small one used. According to the above, to obtain a higher
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photo-degradation rate a higher UV intensity is required. Based on that, for the next photodegradation experiments of the other above-mentioned halogenated organic compounds studied
in this thesis, we used the large photo reactor sown above (Fig. 5.2).
5.5.2 Photo-catalytic degradation of CH3(CH2)3Cl
A100 µL of 1-chlorobuthane with a density of 0.88 g/mL was mixed with 20 mL of DI
water. 0.03 g of topo-HTiNbO5 material was then added to the solution, which was placed in the
reactor chamber. The theoretical initial concentration of the chloride and carbon are 1686 ppm
and 2281 ppm, respectively, and the pH of the solution before irradiation was measured to be
5.0. The results are shown in Table 5.3. The total organic carbon dropped to 189 ppm at three
hours irradiation, which equals a 92% decrease from the initial concentration. However, the Clconcentration increased at two hours and then decreased at three hours. The explanation of this
could be some of the Cl ions released as gas in the form of COCl, CCl4, COCl2, and C2Cl2 (32).
Also measurement error can account for some of the fluctuation. Nevertheless, it is obvious that
the catalytic photo-degradation of the parent compound CH3 (CH2)3Cl is occurring.
Table 5.3 Photo-degradation of CH3 (CH2)3Cl
Time of the
irradiation

pH after the
irradiation

Concentration of Cl
product in ppm

Total carbon in
ppm

Production % Cl

0

5

8.99

2281

0.5

1

2.12

320

339

19

2

1.88

466

760

27.6

3

2.16

220

189

13

5.5.3 Catalytic photo-degradation of C6H5Cl
The same volume of 100 µL of chlorobenzene (density of 1.11 g/cm3 ) was added to the
same weight of catalyst and amount of water as in the 1-chlorobutane’s experiment. The
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theoretical initial concentrations of the chloride and carbon in C6H5Cl are 1750 ppm Cl and 3549
ppm carbon and the initial pH of this solution was 6.1. The results are shown in Table 5.4.
Table 5.4 Photo-degradation of C6H5Cl
Time of the
irradiation

pH after the
irradiation

Concentration of
Cl product in ppm

Total organic
carbon in ppm

Production % Cl

0

6.1

1.26

3549

0.07

1

1.91

358.620

252.38

20.4

2

1.69

512.8

101.2

29.3

3

2.13

190.733

426.844

10.9

The same trend of chloride ion production was discovered here as with CH3(CH2)3Cl. The
highest chloride ion concentration was obtained at 2.0 hours irradiation.
5.5.4 Photocatalytic degradation of a mixture of chlorinated organic compounds
0.03 g of HTiNbO5 topo material was added to 100 µL of an equal mixture of the three
previous chlorinated organic compounds (dichloromethane, 1-chlorobutane, and chlorobenzene)
and 20.0 mL of DI water. The initial concentrations of the chloride and carbon in the mixture as
estimated theoretically are 2649 ppm chloride and 2462 ppm carbon with a starting pH of the
solution of 4.1.
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Figure 5.8: Plot of chloride ion concentration and pH vs. irradiation time of photo-catalytic
degradation of a mixture of chlorinated organic compounds.
The results of this experiment are shown in Figure 5.8. The photo-catalytic degradation
of the mixtures of the above mentioned chlorinated compounds show that, about 84% of chloride
present in the mixture of the organic compounds were released as chloride ions after eight hours.
This was concomitant with a decrease of the pH of the solution. The pH dropped from 4.1 to one
at eight hours irradiation. This is an indication of almost complete photo-degradation.
5.6 CATALYTIC PHOTO-DEGRADATION OF FLUORINATED ORGANIC COMPOUNDS
5.6.1 Photo-degradation of CF3COOH
5.6.1.1 Using small photo-reactor
To test the catalyst on the photo-catalysis of fluorinated organic compounds, we used 100
µL of trifluoroacetic acid, (CF3COOH, density of 1.49 g/mL). The initial theoretical
concentrations of the fluoride and carbon in CF3COOH are 3705 ppm F and 1560 ppm C,
respectively. The solution had an initial pH of 1.5. We tested this compound, with two different
weights of catalysts; 0.03 g and 0.1 g, we used the small reactor shown above (Figure 5.6). The
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results of the test are presented in Table 5.5. The test was carried out for 24 hours for both
experiments.
Table 5.5 The effect of catalyst weight on the photo-degradation of CF3COOH
Catalyst wt g

Concentration of F
product in ppm

0.03

633

17

0.1

2043
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Production % F

After twenty four hours of irradiation, with the smaller quantity of catalyst, only 17%
percentage of the original fluorine was released as fluoride. At higher catalyst concentration, the
rate of photo degradation as measured by the fluoride ion production was three times higher.
However, when compared to the chlorinated compounds, the degradation rate was low. Perhaps
this is an indication of the stability of fluorinated organic compounds. Compared to other
halogens, fluorine is extremely electronegative having an electro-negativity of 4.0 as compared
to an electro-negativity of 3.0 for chlorine and 2.8 for bromine (33). This high electronegativity
confers a strong polarity to the carbon-fluorine bond. The carbon fluorine bond also has one of
the largest bond energies in nature. For mono-fluorinated alkanes, the carbon-fluorine bond is 25
kcal/ mol stronger than that of the carbon-chlorine bond (34). The strength of the carbon-fluorine
bond contributes to the stability of fluorinated molecules. Degradation of trifluoroacitic acid
seems to require extreme oxidizing conditions, due to the extreme stability of the carbon-fluorine
bond and the shielding effect of three fluorine atoms on the carbon atom.
5.6.1.2 Photocatalytic degradation of CF3COOH over time by using the large photo-reactor
In this experiment, we used the same amount of the CF3COOH as well as the catalyst
(see 5.6.1.1). The only difference is the use of the large photo-reactor. The irradiation-time
dependence of the photoreaction of CF3COOH is shown in Fig. 5.9 and Table 5.6. Before
54

irradiation, the pH of the aqueous solution was 1.1. After six hours of irradiation, the pH of the
solution increased to 1.3. The pH does not decrease as it was in the case of the other chlorinated
compounds. After six hours of irradiation, 23.7 % of the initial fluorine was released.
Table 5.6 Photo-oxidation of CF3COOH
Time of the
irradiation

pH after the
irradiation

Concentration of
F product in ppm

Total carbon in
ppm

Production % F

0

1.1

2.4

1084.6

0

1

1.25

69.4

1130.7

1.9

2

1.26

100.7

951.74

2.7

3

1.28

142.432

894.2

3.8

6

1.30

878.135

814.5

23.7

Figure 5.9: Photo-oxidation of CF3COOH vs. irradiation time of photo-catalytic degradation
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Chapter 6: Conclusions and recommendations
6.1 CONCLUSION
In this study, we developed a process for the photocatalytic degradation of halogenated
organic compounds in water under UV light in the presence of a solid photocatalyst. The work
entailed the synthesis of a novel porous metal oxide semiconductor photocatalyst, its
characterization, and its application in reactor systems. Several fixed bed reactor geometries
were tried, but in each case problem with slow flow of the contaminated waters through the
catalytic material led to the use of stirred particle suspensions. A porous metal oxide made of
titanium and niobium (KTiNbO5) was prepared via a solid-state synthesis, followed by acid
exchange, exfoliation, precipitation, washing, and finally a supercritical point drying process. We
then characterized the surface and structural properties of the new porous material topoHTiNbO5-POX. In all cases, the catalyst exhibits high surface areas (between 88.8 -110 m2/g).
SEM images show very thin pore walls throughout the sample. The material was then tested for
the photo-degradation of some model halogenated organic compounds: 1-chlorobutane
(CH3(CH2)3Cl), dichloromethane (CH2Cl2), chlorobenzene (C6H5Cl), and trifluoroacetic acid
(CF3COOH) in water. The results prove the feasibility of photo-degrading chlorinated and
fluorinated organic compounds in aqueous medium with topo HTiNbO5 under UV radiation.
Experiments showed that Cl and F ions are released from the parent compounds as a result of
UV irradiation in the presence of the HTiNbO5 porous metal oxide, and these were successfully
used to monitor the progress of the photo-degradation.
The catalyst mass and irradiation time as well as the UV light intensity all have an effect
on the rate of photo-degradation. Higher catalyst mass as well as higher light intensity led to
faster degradation rates. The longer the irradiation times the greater the extent of photo56

degradation. The photo-catalytic degradation of dichloromethane (CH2Cl2), 1-chlorobutane
(CH3(CH2)3Cl) and chlorobenzene (C6H5Cl) in water was faster than that of trifluoroacetic acid
(CF3COOH). The carbon-fluorine bond is stronger than that of the carbon-chlorine bond.
Therefore, fluorinated organic compounds need more time under irradiation to complete the
degradation.
6.2 RECOMMENDATION AND FUTURE WORK
The results of this work demonstrated the effectiveness of the new catalyst in the photodegradation

of

the

halogenated

organic

compounds

(1-chlorobutane

(CH3(CH2)3Cl),

dichloromethane (CH2Cl2), chlorobenzene (C6H5Cl), and trifluoroacetic acid (CF3COOH) in
water by porous metal oxide HTiNbO5, using an open system. Detecting the chloride and fluorine
ions in the solution was adequate to determine the process of degradation; however, a more
comprehensive study is needed to confirm the intermediate products of the process. A closed
photo catalytic system, where one can control the oxygen supply and detect the released gasses
should be employed. Testing this material with other widely used toxic halogenated organic
compounds, like pesticides and herbicides, should be done.
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Appendix

Figure A1: BJH desorption dV/dD pore volume graph of acid exchanged
HTiNbO5

Figure A2: BJH desorption cumulative pore volume graph of acid exchange HTiNbO5
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Figure A3: BJH desorption dV/dD pore volume graph of non topo HTiNbO5

Figure A4: BJH desorption cumulative pore volume graph of non topo HTiNbO5
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Figure A5: BJH desorption dV/dD pore volume graph of topo HTiNbO5

Figure A6: BJH desorption cumulative pore volume graph of topo HTiNbO5
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Figure A7: Total organic carbon analysis of photolyzed solutions
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